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SUMMARY

Modern high-speed propeller (advanced turboprop) aircraft are expected to
operate on 50 to 60 percent less fuel than the 1980 vintage turbofan fleet
while at the same time matching the flight speed and performance of those air-
craft. Counterrotation turboprop engines offer additional fuel savings by
means of upstream propeller swirl recovery. This paper presents acoustic side-
line results for a full-scale counterrotation turboprop engine at cruise condi-
tions. The engine was installed on a Boeing 727 aircraft in place of the
right-side turbofan engine. Acoustic data were taken from an instrumented
Learjet chase plane. Sideline acoustic results are presented for 0.50 and
0.72 Mach cruise conditions. A scale model of the engine propeller was tested
in a wind tunnel at 0.72 Mach cruise conditions. The model data were adjusted
to flight acquisition conditions and were in general agreement with the fiight
results.

INTRODUCTION

Modern high-speed propeller (advanced turboprop) aircraft are expected to
operate on 50 to 60 percent less fuel than the 1980 vintage turbofan fleet
while at the same time matching the flight speed and performance of those tur-
bofan engines (ref. 1). Counterrotation propellers may offer from 8 to 10 per-
cent of additional fuel savings over similar single-rotation propellers at
cruise conditions. There is considerable concern, however, about the poten-
tial noise generated by such aircraft, including both in-flight cabin noise
and community noise during takeoffs and landings. Enroute noise has only
recently been raised as a potential concern. The data in this report provide
a measure of source levels from which enroute projections can be made.

This report presents the acoustic test results for a full-scale counter-
rotation turboprop demonstrator engine installed on a Boeing 727 aircraft in
place of the right-side turbofan engine (ref. 2) as shown in figure 1.
Selected results from this study were also presented in reference 3. Sideline
acoustic data were acquired from a Learjet chase plane that was instrumented
with flush-mounted nose and wingtip microphones. Data are presented for a
47.2-m (155-ft) sideline at several engine operating conditions at 0.50 and
0.72 Mach numbers. Selected data are also compared with results from the test
that was run in the NASA 8- by 6-Foot Wind Tunnel with a scale model of the
counterrotation propeller.



APPARATUS AND PROCEDURE

This flight test was part of the General Electric Company's program to
develop their unducted fan (UDF) counterrotation turboprop engine. The propel-
ler has eight forward and eight aft blades. The forward propeller diameter is
3.57 m (11.7 ft), while the aft propeller diameter was reduced by 10 cm (4 in.)
from this value for aeromechanical considerations.

Table I presents the flight test conditions for the tests discussed in
this report. One test, designated flight condition 3.1, was flown at a 6523-m
(21 400-ft) altitude and 0.50 Mach, and the remaining four tests were performed
at a nominal 10 688-m (35 000-ft) altitude and 0.72 Mach. The propeller blade
angles were automatically controlled in order to achieve an equal torque split
between the two propellers. These propeller blade angles were nearly equal for
the clean configuration wind tunnel tests and were also adjusted for an equal
torque split. However, there was a considerable difference between the fore
and aft blade angles, BfF and Ba, for the installed engine. This difference
in blade-setting angles may be due to possible asymmetrical inflow to the UDF
engine installed on the 727 aircraft.

Both the model and full-scale propeller power settings are expressed as
total power density, PQAT, which is the power coefficient based on the annulus
area of the forward rotor. PQAT is defined as

Total power
3

(p)(rev/sec) (D)3(annu1us area)
where p is the local air density and D 1is the forward rotor diameter. Ref-
erence 4 presents aerodynamic results for the model propeller.

Acoustic data were acquired with the NASA Lewis Learjet. Figure 2 is a
photograph of the 727 aircraft in flight taken from the Learjet. The Learjet
was instrumented with two nose and two wingtip microphones flush mounted on the
left side of the aircraft. Acoustic and optical instrumentation described in
reference 5 were also employed in the tests. The acoustic signals were moni-
tored for data quality and recorded on magnetic tape aboard the aircraft for
later analysis. The acoustic spectra of the Learjet engine noise were suffi-
ciently different from those of the propeller to prevent significant data con-
tamination. However, boundary-layer noise on the microphones generated an
essentially flat broadband level of about 95 dB for a 3-Hz bandwidth over a
0- to 1200-Hz frequency range.

Figures 3 to 5 are photographs of the Learjet microphone installations.
Figure 3 shows the wingtip region of the Learjet; figure 4 shows the location
of the nose microphone. Figure 5 is a close view of the microphone mounting
plate on the Learjet wingtip. Data presented in this paper are taken primarily
at the wingtip microphone location. Directivity results for the nose micro-
phone were often inconsistent with both the wingtip-measured directivities and
with previously measured directivities for similar model turboprops tested
acoustically in a wind tunnel environment.

Figure 6 is a sketch showing the sideline positioning of the two aircraft
for sideline acoustic data acquisition. Data were taken for 60°, 90°, and
120° relative to the engine upstream axis for all flight conditions. Thirty-
degree data were taken for two of the flight conditions; however, flying in
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this position made it difficult to observe the 727 aircraft from the Learjet.
The measured data were adjusted for spherical spreading to a nominal sideline
distance of 47.2 m (155 ft) between the UDF engine axis and the Learjet wing-
tip. Most of the data points were actually taken close to this sideline
separation.

Because of convective flow effects, the data angles presented in this
paper are for "observed" angles to the turboprop rather than being corrected
to "emission" angles. Figure 7 shows the relationship between the observed
and emission angles. These differences can be significant. For example, the
observed angles of 60°, 90°, and 120° at 0.72 Mach correspond, respectively,
to emission angles of 21°, 44°, and 81°. At 0.50 Mach, these observed angles
correspond to emission angles of 34°, 60°, and 94°.

Microphone sideline locations were determined by visual and photographic
-methods. A camera system mounted in the Learjet cabin was aimed at a target
location on the 727 aircraft. The sideline angle was determined from a pro-
tractor device attached to the camera mount. The sideline distance was deter-
mined by image-size scaling of the in-flight photographs relative to similar
photographs taken during static ground calibrations when the two aircraft were
parked in the desired relative positions. The Learjet pilots used a simple
optical comparator to establish roughly the sideline distance during flight.
The acquired acoustic data were then adjusted for spherical divergence to a
true 47.2-m (155-ft) sideline, which was the average separation distance.
Table II presents the data acquisition positions for the five flight condi-
tions, and shows the decibel corrections that were applied to the acoustic
data for correction to the 47.2-m sideline. Table III lists the turboprop
tone levels for each of the data positions.

RESULTS AND DISCUSSION
Sound Pressure Level Spectra

The sound pressure level (SPL) spectra for a counterrotation propelter
are considerably more complex than those for a single-rotation propeller. The
rotor-alone tones are present at each tone order (BPF, 2BPF, etc.). In addi-
tion, the higher-order tones (2BPF and above) contain rotor interaction tones.
Figure 8 shows typical SPL spectra for the counterrotation propeller operating
at equal fore and aft rotational speed. Since both rotors contain eight
blades, the entire tone energy is concentrated in single spikes at multiples
of the blade-passage frequency.

Most of the data were taken with a small difference in the two rotors'
rotational speed (see table I). Figure 9 shows typical SPL spectra for this
operating condition. The 1-Hz bandwidth allowed for a separation of the fore
and aft rotor-alone tones. Also, the first interaction tone, BPFf+BPFp, is
seen at 2BPF. Shaft-order tones are seen below the blade-passage frequency.
One of the Learjet engine compressor tones appears just above 2BPF.

The SPL directivity results in this report were taken from spectra with
16- and 1-Hz bandwidths. The coarser 16-Hz bandwidth did not separate the com-
ponents of the tone orders, even with the small rpm difference. The 1-Hz band-
width allowed for tone separation at BPF and 2BPF with a nominal 40-rpm rotor



speed difference, thus providing a more detailed analysis of the tone genera-
tion mechanisms. Table III is a tabulation of these acoustic tone levels from
the 16- and 1-Hz bandwidth spectra. '

Sideline Directivities

Figure 10 shows the sideline directivities for the first four tone orders
at 0.50 Mach (condition 3.1). Rotor-alone tones were not separated in this
figure because of both the 16-Hz bandwidth and the essentially same fore and
aft rotor rotational speed. They typically show a maximum level near the pro-
peller plane, in contrast to the interaction tones that often have high levels
away from this location. The rotor-alone fundamental (BPF) tones show the
highest levels at all but the forward 26° location. The remaining tone orders
(2 to 4BPF) in this figure contain interaction tones and do show relatively
high levels at the forward angles. Sideline data at points approaching 30°
were difficult to obtain because of awkward sighting angles from the Learjet
and the difficulties of formation flight.

Figure 11 shows a comparison of the flyby and station-keeping directivi-
ties at 0.72 Mach (condition 5.1). Flyby data were only taken at condi-
tion 5.1. The flyby data were taken continuously as the Learjet slowly passed
the 727 aircraft on a parallel course. The sideline angles for the flyby data
are approximations based on angular reference points called out by Learjet
pilots from hand-held sightings. These points were recorded on the data tape
for later analysis. It was not possible to take camera reference photographs
during the flyby. The flyby data were reduced at a 3-Hz bandwidth.

Flyby directivity traces are shown in figure 11 for both the wingtip
and nose microphones. Corresponding data for the station-keeping points
(table III, 16-Hz bandwidth) are also shown in this figure. As was previously
mentioned, there was concern that the directivities measured by the nose micro-
phone were not typical for turboprops. These data, therefore, are suspect.
The results as shown for the wingtip and nose microphones are in fairly good
agreement at sideline angles above 70°. At lower angles, however, the nose
microphone results are significantly below those for the wingtip microphone.
The BPF tone for the nose microphone at the 34° station-keeping position could
not be separated in the acoustic spectra. This indicated that the tone level
for the nose microphone was significantly below that for the wingtip microphone
at this sideline angle.

The reason for this apparent discrepancy between the results for the wing-
tip and nose microphones is not immediately clear. The shape of the flyby
directivities for both the nose and wingtip microphones in figure 11 suggests
that there may be some reflections from the 727 aircraft and possibly from the
Learjet structure as well. That is, the first-order rotor-alone tone directiv-
ity is expected to show a smooth peak without all the secondary undulations
observed in the present flyby directivity. The relatively long wavelength of
the acoustic signal (about 1.7 m (5.5 ft) at 299-Hz BPF) would tend to dis-
count reflections from the Learjet structure. The location of the wingtip
microphone on the Learjet is more favorable than that of the nose microphone
because it is midway on a cylindrical surface with established boundary layers.
Also, the wingtip is shielded from reflections by adjacent Learjet structure
and is also closer to the noise source. In contrast, the nose microphones are
located on an aircraft surface whose curvature is changing, but at a point



where the diameter is roughly equal to that of the wingtip tank. Boundary-
lTayer refraction may also affect the data quality. Because of these concerns
about the nose microphone data, the directivity results in this report will be
presented for the wingtip microphone. However, the information in table III
will allow the reader to construct directivities with the results from both
microphones.

Figures 12 to 16 present the sideline directivities for the nominal
0.72 Mach flight tests. The two rotors were run at about a 40-rpm speed dif-
ference, making it possible to separate the tone components with 1-Hz bandwidth
spectra. (Alternately, unequal rotor blade numbers would facilitate separation
of the tone components.) Results are presented for each of the flight condi-
tions for both 16-Hz bandwidth spectra with no tone-order separation, and for
1-Hz spectra that allowed for separation of the first- and second-order tone
components.

Figure 12 shows the sideline directivities measured for condition 5.10,
which had a PQAT value of 2.99 (table I). Figure 12(a) shows the directivi-
ties for the first four tone orders with no tone component separation (i.e.,
16-Hz bandwidth analysis). The tone levels peak near 90°, while the forward
rotor BPF tone increases toward the aft angles. The corresponding trend for
the 2BPF forward rotor-alone tone is reversed, with the highest level at 59°.
This result for the first-order rotor-alone tones contrasts with what has been
generally observed for counterrotation turboprops. That is, the forward
rotor-alone tone usually peaks upstream of the corresponding aft rotor-alone
tone, with similar trends for higher-order rotor-alone tones.

The first interaction tone in figure 12(b) (1-Hz bandwidth analysis) is
about 6 dB lower than the 2BPF aft rotor-alone tone. This is consistent with
published model counterrotation turboprop results showing that, relative to
rotor-alone tones, interaction tones are considerably higher at takeoff condi-
tions than at cruise (refs. 6 and 7).

Figure 13 shows the directivities for condition 5.8, which had a PQAT
value of 3.05. The directivities from the 16-Hz bandwidth spectra (fig. 13(a))
are quite similar to those of condition 5.10 (fig. 12(a)). However, the rotor-
alone tone directivities at both BPF and 2BPF (fig. 13(b)) show that the for-
ward rotor tends to have a peak rotor-alone tone somewhat aft of the aft
rotor. These same data trends are evident for the condition 5.9 directivities
(PQAT = 3.14) shown in figure 14. This tendency for the aft rotor-alone tone
to peak upstream of the forward rotor-alone tone for the full-scale engine data
contrasts with other published counterrotation propeller directivities. Model
propeller results at cruise conditions (for example, see ref. 6) have always
shown the forward rotor-alone tones to peak upstream of the corresponding aft
rotor-alone tones. The reason for this discrepancy between the full-scale and
model directivities is not known.

Figure 15 presents the sideline directivities for condition 5.1, which
had a PQAT value of 4.24 with the aircraft at cruise conditions of 0.72 Mach
at a 10 688-m (35 000-ft) altitude. The UDF engine was at a 100-percent power
setting at this operating condition. The 16-Hz bandwidth (fig. 15(a)) again
shows that the first-order rotor-alone tones dominate the directivity. The
1-Hz bandwidth directivities (fig. 15(b)), which allowed separation of the
fore and aft rotor-alone tones, show both of these tones peaking near 90°.




Comparison With Wind Tunnel Results

A 62.2-cm (24.5-in.) diameter model of the engine propeller was acousti-
cally tested earlier in the NASA Lewis 8- by 6-Foot Wind Tunnel (fig. 16).
Figure 17 shows details of the model propeller installation in this wind tun-
nel. Sideline directivity data were acquired from microphones flush mounted
on a flat plate that was lowered from the tunnel ceiling. Data for a test con-
dition that approximated the 0.72-Mach engine conditions were selected for this
comparison. The wind tunnel results were adjusted to "as measured" conditions
equivalent to the flight data. These adjustments included corrections for
pressure altitude, propeller size, and distance (ref. 8). The wind tunnel data
were also adjusted (fig. 3) for expected noise increase above free field due to
the presence of the Learjet tip tank wall in which the microphone was mounted
(ref. 9). The correction for measurement on the approximately 0.6-m (2-ft)
diameter Learjet wingtip tank was 5 dB above free field for the fundamental
rotor-alone tone.

In figure 18, the wind tunnel acoustic fundamental tone level, adjusted to
the aircraft flight conditions, is plotted against the observed sideline angle.
Also shown are the corresponding flight test data for four UDF propeller oper-
ating conditions at a nominal 0.72 Mach. There is general agreement between
the wind tunnel and full-scale engine results. There are, however, a number
of differences in the propeller operating conditions that merit further discus-
sion. The engine results are shown for PQAT values of 2.99, 3.05, 3.14, and
4.24; the model data are for a 4.21 PQAT value. Tone levels for the engine
operating at PQAT = 4.24 (100 percent power) would be expected to be somewhat
higher than those for lower engine power settings. However, as seen in fig-
ure 18, tone levels associated with full-power operation were actually lower
than those at lower power settings. The reason for this unexpected result
remains unknown.

As previously mentioned, the blade-setting angles of the full-scale and
model propellers were adjusted for approximately equal torque split between the
two blade rows. The equal torque condition for the model propeller corresponds
to blade pitch angles of 58.5° and 55.7°, which have a smaller difference
between the fore and aft rotor than did the flight angles (see table I). This
difference in blade-setting angles in the installed propeller may be the
result of installation effects on the engine propeller inflow. In particular,
a significantly nonaxial inflow near the aircraft fuselage and the presence of
the support pylon could result in localized loading of one blade row and corre-
sponding unloading of the other blade row in that region. This might account
for the observed difference in engine propeller blade-setting angles. Refer-
ence 4 presents model propeller results in which the pylon installation effects
affected the blade row torque split.

CONCLUDING REMARKS

Sideline acoustic data were obtained at cruise flight conditions for a
full-scale counterrotation propeller engine that was installed on a Boeing 727
aircraft. These data were obtained with the acoustically instrumented NASA
Lewis Learjet, which was fiown in formation along a sideline relative to the
counterrotation engine on the 727 aircraft. A unique set of cruise condition,
sideline noise data were obtained. The shape of the sideline directivities
suggests that acoustic reflections, particularly from the 727 aircraft, may be



affecting the data. Installation effects were also evidenced by the UDF
engine, which had a significant difference in the fore and aft blade-setting
angles. These angles, which are adjusted for an equal torque split between
the two blade rows, were about equal in uninstalied model propeller tests at
cruise conditions. The full-scale engine fundamental tone levels were in good
general agreement with scaled-model propeller data from a wind tunnel test at
similar flight speeds. However, the individual rotor-alone tone directivities
for the engine tended to show the aft rotor tone peaking upstream of the for-
ward rotor tone at partial power settings. This result contrasted with a
number of model propeller studies in which the forward rotor-alone tones peaked
upstream of the aft tones.
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C-86-6051

FIGURE 1. - PHOTOGRAPH OF COUNTERROTATION TURBOPROP ENGINE INSTALLED ON
BOEING 727 AIRCRAFT.
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C-88-06054

FIGURE 2. - PHOTOGRAPH OF BOEING 727 AIRCRAFT WITH UDF ENGINE, TAKEN FROM LEARJET
WHOSE WINGTIP IS IN FOREGROUND.
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~—MICROPHONE LOCATION
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FIGURE 3, - LEARJET WINGTIP MICROPHONE INSTALLATION.
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FIGURE 4. - LEARJET NOSE MICROPHONE INSTALLATION.
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FIGURE 5. - WINGTIP MICROPHONE MOUNTING PLATE.
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FIGURE 6. - SCHEMATIC OF LEARJET SIDELINE POSITIONING FOR ACOUSTIC DATA
ACQUISITION.
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EMISSION ANGLE, 6. DEG

SOUND PRESSURE LEVEL. dB
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FIGURE 7. - RELATIONSHIP BETWEEN OBSERVED AND EMISSION
ANGLES. 6 = 8gp - sin” '(My sin 8pp).
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FIGURE 8. - TYPICAL SOUND PRESSURE LEVEL SPECTRA.
ALTITUDE, 6523 M (21 400 FT): 0,50 MACH. CONDITION
3.1; TOTAL POWER DENSITY, 2.67: BLADE-SETTING
ANGLES: FORE, 49.8°: AFT, 43.20; SIDELINE ANGLE,
90°; LEARJET WINGTIP MICROPHONE: BANDWIDTH. 3 Hz.
PROPELLER OPERATION AT EQUAL FORE AND AFT ROTATIONAL
SPEED. BPF = TONE ORDER.

13



SOUND PRESSURE LEVEL, dB
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FIGURE 9. - TYPICAL SOUND PRESSURE LEVEL SPECTRA, ALTITUDE, 10 851 M
(35 600 FT): 0.72 MACH: TOTAL POWER DENSITY, 3.05; BLADE-SETTING ANGLES:
FORE, 59.20; AFT, 52.8%; SIDELINE ANGLE., 87%; LEARJET WINGTIP MICRO-
PHONE ; BANDWIDTH, 1.0 Hz. BPF = TONE ORDER: F = FORE: A = AFT.
TONE
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@ BFF
130 }— O 2BPF CONTINUOUS FLYBY
O 3BPF = WINGTIP MICROPHONE
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2 130
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FIGURE 10. - SIDELINE SOUND PRESSURE LEVEL DIRECTIVITY FIGURE 11. - SIDELINE SOUND PRESSURE LEVEL DIRECTIVITY
FOR UDF ENGINE AT 0.50 MACH. CONDITION 3.1; ALTITUDE, FOR UDF ENGINE AT 0.72 MACH. CONDITION 5.1: SIDELINE
6523 M (21 400 FT); TOTAL POWER DENSITY, 2.67: BLADE- DISTANCE, 47.2 M (155 FT).

SETTING ANGLES: FORE. 49.8%; AFT, 43.29; SIDELINE
DISTANCE. 47.2 M (155 £T): BANDWIDTH, 16 Hz. BPF =
TONE ORDER.
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FIGURE 12. - SIDELINE SOUND PRESSURE LEVEL DIRECTIVITY FOR UDF ENGINE AT 0.72 MACH. CONDITION 5.1: ALTITUDE,
9815 M (32 200 FT): TOTAL POWER DENSITY, 2.99; BLADE-SETTING ANGLES: FORE, 59.0°: AFT, 53.3%: SIDELINE DIS-
TANCE, 47.2 M (155 FT), BPF = TONE ORDER: F = FORE: A = AFT.

TONE
ORDER TONE ORDER
@ BPF @® BPFE
O 2meF B BPFa _
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FIGURE 13. - SIDELINE SOUND PRESSURE LEVEL DIRECTIVITY FOR UDF ENGINE AT 0.72 MACH. CONDITION 5.8; ALTITUDE,
10 851 M (35 600 FT): TOTAL POWER DENSITY, 3,05; BLADE-SETTING ANGLES: FORE, 59.2°: AFT, 52.80: SIDELINE DIS-
TANCE. 47.2 M (155 FT). BPF = TONE ORDER: F = FORE: A = AFT,
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FIGURE 14. - SIDELINE SOUND PRESSURE LEVEL DIRECTIVITY FOR UDF ENGINE AT 0.72 MACH. CONDITION 5.9: ALTITUDE.
9906 M (32 500 FT): TOTAL POWER DENSITY, 3.14: BLADE-SETTING ANGLES: FORE. 59.3%; AFT. 52.9%: SIDELINE DISTANCE.
47.2 M (155 FT). BPF = TONE ORDER: F = FORE: A = AFT,

TONE
ORDER TONE ORDER
® ®F ® B
O 28°F B BPFy )
Bl o O 2n, | ROTOR-ALONE TONES
A uppF 0 28PFp
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(A) 16-Hz BANDWIDTH. (B) 1-Hz BANDWIDTH.
FIGURE 15. - SIDELINE SOUND PRESSURE LEVEL DIRECTIVITY FOR UDF ENGINE AT 0.72 MACH. CONDITION 5.1: ALTITUDE.

10 688 M (35 000 FT); TOTAL POWER DENSITY, 4.24: BLADE-SETTING ANGLES: FORE. 61.6%; AFT, 54.0%; SIDELINE DIS-

TANCE. 47.2 M

(155 FT). BPF =

TONE ORDER: F =

FORE: A = AFT.



FIGURE 16. - MODEL PROPELLER TESTED IN NASA LEWIS 8- BY 6-F0OT
WIND TUNNEL.
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FIGURE 17, - TEST APPARATUS SHOWING TRANSLATING ACOUSTIC PLATE.
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SIDELINE ANGLE. DEG

FIGURE 18. - COMPARISON OF SIDELINE TONE ORDER DI-
RECTIVITIES FOR UDF ENGINE AND MODEL PROPELLER.
MODEL DATA SCALED TO FLIGHT CONDITIONS. 0.72 MACH:
SIDELINE DISTANCE, 47.2 m (155 FT); NOMINAL ALTITUDE,
10 688 M (35 000 FT): LEARJET WINGTIP MICROPHONE.
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